INTRODUCTION
Thermal diffusivity which depends on the microstructural properties of the material, is very sensitive to the changes that take place in the material as a result of surface modification processes such as laser processing, case hardening and coating deposition. Considering this change in thermal diffusivity and the typical depths involved (a few micrometers to a couple of millimeters), photothermal techniques have proven to be a good non-destructive and non-contact method of profiling these subsurface inhomogeneities [I-3] .
In photothermal methods a beam of energy, typically a laser, modulated at a certain frequency is focussed onto the sample surface. The resulting periodic heat flow in the material is a diffusive process, producing a periodic temperature distribution which is called a "thermal-wave". This is spatially heavily damped and has a modulation frequency (j) dependent penetration depth 1.1 (diffusion length) given by (1) where a is the thermal diffusivity. This frequency dependence has been utilized to obtain depth-selective information on thermal diffusivity by measuring the amplitude and the phase of the periodic surface temperature of the sample under investigation. In this work we used the infrared (IR) photothermal radiometric detection method to measure the surface temperature which relies on the detection of variations in the IR radiation emitted from the sample surface that is excited by an intensity-modulated laser. The main advantage of this detection method is its non-contact remote sensing nature.
In recent years several attempts have been made in inverting these data to reconstruct thermal diffusivity (conductivity) depth profiles, which are summarized in Ref. 4 . In this paper we will use the inversion methodology based on the generalized theoretical formulation described in Ref. 4 
EXPERIMENTAL METHOD
A schematic diagram of the experimental apparatus is shown in Fig. 1 . An Ar+ laser (514 nm) modulated by an acousto-optic modulator is directed onto the sample surface. The emitted IR radiation from the sample surface is collected and focussed onto the detector using two off-axis paraboloidal mirrors [5] . The detector is a liquid N2 cooled HgCdTe element with an active area of 1 mm 2 and a spectrally selective range of 2-12 J.lm. A germanium window with a transmission bandwidth of2-14 J.lm is mounted in front of the detector to block any visible radiation from the pump laser. The pump beam spot size is made much larger than the maximum profiling depth to maintain the one-dimensional heat diffusion formalism assumed in the theory. The detector signal is preamplified before being sent to a lock-in amplifier. The lock-in amplifier outputs, amplitude and phase, are recorded at a range oflaser modulation frequencies. A detailed description of this experimental procedure can be found elsewhere [2] .
RECONSTRUCTION OF THERMAL DIFFUSIVlTY PROFILES
Exponential profile of the form
is assumed, where
and IXO,aL>q are constants representing the values of the thermal diffusivity at the two boundary surfaces (x=O,L) of the material, and the diffusivity gradient, respectively. The expression for the surface temperature T(O, w ) is given by [ 4] :
where eo is the thermal-wave field at the surface of a solid with constant thermophysical properties CX o and leo and
The surface temperature response to the incident optical beam on the sample is normalized by the surface temperature response to the same beam at the same frequency of a semi-infinite homogeneous material (reference). This gives for each frequency a data-pair, namely amplitude ratio and phase difference between sample and reference. The normalizing procedure is necessary for the correct accounting of all frequency dependencies in the apparatus other than that due to the investigated sample. Theoretical values of the datapairs are calculated by Eq. (4) where Figure 2 . Photothermal amplitude and phase data from two case hardened steel samples of thickness 2mm.
IM(w)1 is the amplitude ratio and A<\>(w) is the phase difference at angular frequency w. The values of amplitude, phase and the derivative of the phase are compared with the experimental values in calculating the local parameters ao, a L and q at each frequency using the numerical search algorithm [6] described in Ref 4. Although in Ref4 only amplitude and phase were used, the general procedure is the same except for the fact that the addition of the use of the derivative of the phase allows for the search for all three parameters ao, a L and q. This considerably reduced the number of multiple solutions obtained prior to this development. In reconstructing depth profiles from data it is very important to first find a reliable set of initial values for ao,aL,and q. This could be achieved by finding the best fit to the first two to three points (high frequency end) to the theoretical values calculated from Eq.(4) assuming a single profile of the form given by Eq.(2).
Case Hardened Steel
We investigated two hardened steel samples made ofC15 steel (7] . The surface hardening of these samples has been achieved by dissolving additional carbon through the surface (carburization) and subsequent thermal treatment [3] . The thickness of the hardened layer was varied by changing the carburization time from sample to sample. The two samples investigated here had different carburization times.
The photothermal amplitude and the phase data in the frequency range of2 Hz to 50 kHz obtained from the two samples normalized to a reference sample are shown in Fig. 2 . The steel samples could be treated as layers of thickness L (in this case 2mm) on a homogeneous substrate (air). The peak in the phase data and the sharp drop in the phase at low frequencies are clearly the results of the presence of the back boundary. A simple calculation using the average diffusivity of carbon steel and the Opsal and Rosencwaig theory[8] for a homogeneous layer of thickness L shows that the presence of the back 9. OxI O"'r -------------. ,!S.OxIO Fig.2 and the profile after machining sample no.2 to lmm thickness for the case hardened steel samples and (b) the corresponding micro hard ness profiles.
boundary is "seen" (deviation from _45 0 phase) in the back scattered signal from the front surface around 20 Hz which corresponds to a penetration depth of about 425 Ilm. Therefore, it is necessary to use a finite thickness layer theory for depth reconstruction in order to obtain a reliable profile beyond this depth for these samples. The resulting diffusivity profiles together with the available [7] microhardness profiles are shown in Fig. 3 .
Although our diffusivity profiles do not show an identical inverse relation to the hardness profiles, the variations from sample to sample are well correlated. It should be noted here that the microhardness measurements were performed [7] not on the same sample but on a different set of samples, assumed to be identical. The limiting factor that prohibited the profile to be obtained down to the other side of the samples from data taken from the opposite side was the three dimensional (lateral) heat flow that was not taken into account in the theory. This effect becomes significant at depths ~ 1 mm in the present samples. To confirm the validity of our finite thickness reconstruction methodology the following procedure was performed. The sample no. 2 was machined down to a thickness of lmm from the side opposite to the profile shown in FigJ. Then data were collected again from the case-hardened side and also from the machined side as shown in Fig. 4 . The reconstructed profiles are shown in Fig. 5 . A portion of the profile obtained from the data taken from the hardened side is also shown in Fig. 3 (a) to compare with the profile reconstructed when that sample was 2mm thick. The difference between those two profiles in Fig. 3(a) is the tolerance of our reconstruction methodology. The difference in the two profiles reconstructed from opposite sides can be attributed to the inability to obtain very reliable reconstructions at very low frequencies. The major reason for that is the three dimensional effects which were not taken into account in the theory. Our experiments show that to keep the heat flow as one-dimensional as possible, not only the laser beam spot size has to be large but also the spatial intensity profile of the beam has to be flat. Even though the beam is very large, its Gaussian nature introduces three-dimensional effects which are difficult to normalize out. Figure 6 . Reconstructed thermal diffusivity profile for a laser processed plasma-sprayed coating on a steel substrate. Original thickness before processing was 350llm, and the average diffusivity was measured to be 2 x 10-6 m 2 s· 1 . ., 
Laser Processed Plasma Sprayed Coating
Laser processing of materials is of interest in many industrial applications where a surface layer is modified to obtain improved properties, such as hardness, corrosion resistance and fatigue strength, while the base material remains in the original condition. Figure 6 shows the reconstructed thermal diffusivity profile of a laser processed plasmasprayed coating on a steel substrate. The original coating before laser processing was 350Jlm thick with an average thermal diffusivity of about 2 x 10. 6 m 2 s·(. The reconstructed profile (Fig.6) shows a considerable increase in thermal diffusivity after laser processing. The profile reaches the diffusivity of steel substrate around 600Jlm. The total thickness of the sample including the substrate is 3.5mm. Visual inspection of the sample showed that the heating due to laser processing has affected the steel substrate all the way through to the other end of the sample. This suggests that the coating and the substrate may have fused together to make a continuous boundary. Thus the semi-infinite condition (L-oo) has been assumed in obtaining the profile in Fig.6 . The profile shows as expected, that the diffusivity of the coating has increased significantly after laser processing, and may be used as a criterion to asses the effectiveness oflaser processing/annealing of a surface coating.
Machined Stainless Steel Plate Figure 7 shows the reconstructed profiles obtained from both sides of a machined stainless steel plate of thickness 250 Jlm. This demonstrates the precision of this technique, within the experimental noise limits, in reconstructing an essentially homogeneous layer. The increase in thermal diffusivity towards the surfaces may be due to the machining process causing tensile damage, manifested as a region of decreased material density (i.e. higher thermal diffusivity).
CONCLUSIONS
In this paper we have described an improved, reliable non-destructive thermal-wave remote sensing method which allows the reconstruction of thermal diffusivity profiles in an inhomogeneous sample. The sample may be an inhomogeneous layer of finite thickness on a homogeneous substrate; a free standing layer, i.e. with air as the substrate; or a semi-infinite solid with its inhomogeneity continuously varying and attaining the value of the homogeneous bulk diffusivity. We have investigated case-hardened steel samples and a laser processed plasma-sprayed coating on a steel substrate which shows the potential of this technique as a non-destructive, non-contact quality control methodology for near-surface processing of materials. The diffusivity depth profiles obtained for case-hardened steel were found to anti-correlate, at least qualitatively, with destructive microhardness measurements, within the depth range ~ 700 Ilm.
